Vasodilation in the superficial region of the body (i.e., skin) plays an important role in dissipating body heat in humans [1] , as vasodilation in the tail does in rats [2, 3] . The rat tail has one large artery, the medial caudal artery, and many small arteries. The small arteries are distributed both in the superficial and deep regions in the tail.
soreactivity in the rat tail have been done using various techniques (e.g., plethysmography [4] [5] [6] , thermomonitoring [2] , microsphere [7] , laser Doppler [7] , and X-ray angiography [8, 9] ). Thermo-monitoring and laser Doppler methods reflect the blood flow only in superficial regions, and the microsphere method often fails to evaluate arteriovenous anastomoses. Angiography is able to evaluate even deep vessels consecutively. However, conventional X-ray angiography has neither the sensitivity needed to detect small amounts of iodine contrast material nor the spatial resolution to quantitate the diameters of the small vessels. For example, quantification of the diameters is impossible in vessels with a diameter of less than 300 m [10] . Recently, we developed a novel microangiographic system with high contrast resolution and high spatial resolution using monochromatic synchrotron radiation as an X-ray source and a high-definition video camera system as a detector [11] . This system allowed depiction of small vessels in the leg (collateral arteries) [12] , intestinal organs (vasa recta and their submucosal communications) [13] , brain (small branches arising from the canine circle of Willis) [10] , heart (penetrating transmural artery) [14] , and cancer tissue (angiogenic vessels) [15] , and depiction of small branches (down to the fifth order) of the pancreatic duct [13] . This system using analog images also demonstrated that the heat stress caused vasodilation in the medial caudal artery but not in the abdominal cutaneous artery in rats [9] .
The purpose of this study was to evaluate vasodilatory responses to heat stress of rat tail arteries distinguishing between superficial and deep regions using an animated synchrotron radiation microangiographic system and digital image processing with higher time-, spatial-, and contrast-resolutions.
MATERIALS AND METHODS

Animals.
Fourteen WKAH/HkmSlc rats (Japan SLC Inc., Hamamatsu, Japan) weighing 350 to 450 g were used. The animals were anesthetized with intravenous infusion of ketamine hydrochloride (1.0 mg/ kg/min) via a catheter placed in the femoral vein after intraperitoneal injection of 125 mg/kg of the same drug. All procedures were conducted in accordance with the Guiding Principles for the Care and Use of Animals approved by the Council of the Physiological Society of Japan.
Angiography. The fundamental design of our synchrotron radiation angiographic system has already been reported ( Fig. 1 ) [9] [10] [11] [12] [13] [14] [15] [16] . Briefly, monochromatic synchrotron radiation with an energy level of 33.3 keV was obtained with a silicon crystal from beamlines NE5 and BL-14 in the High Energy Accelerator Research Organization, Tsukuba, Japan. The contrast images were formed on a fluorescent screen in which a 20ϫ20 mm area was scanned at 15 or 30 frames/s by a high-definition video camera with 1125 TV lines [17, 18] , and then stored as a digital image in a memory system (20ϫ20 mm area, 1,024ϫ 1,024 pixels, 12-bit/pixel). Time-, spatial-, and contrast-resolutions of the present system have been improved in comparison with those of former resolutions [9] . The present system had a spatial resolution of 25 m (20 line pairs/mm studied with a MTF chart) and a time resolution of 33 or 67 ms. To improve contrast resolution, a temporal subtracted image was created on a computer from the digital images obtained immediately before and during contrast material injection. As for contrast resolution using a vascular phantom (Type 76-700, Nuclear Associates, New York, USA), the minimum size (0.5 mm of diameter) vascular phantom with a minimum concentration (2.5 mg/ml of iodine) was visualized through an acrylic block with a 75 mm thickness. Vessel diameter was Japanese Journal of Physiology Vol. 52, No. 5, 2002 E. KUWABARA et al. measured on a computer [10, 16] .
Experimental protocol. After anesthesia, the catheter for injection of the contrast material was placed just above the bifurcation of the common iliac artery from the abdominal aorta via the right femoral artery. The rat was fixed on the acrylic board (5.0 mm thick) in standing position for angiography. Arterial pressure was monitored continuously by the catheter placed at the femoral artery, except during the period of the contrast material injection. The arterial systolic pressure ranged from 120 to 140 mmHg throughout the experimental period.
Sequential images of caudal arteries in the proximal portion of the tail were obtained by the injection of non-ionic contrast material (3 ml/s for 1 s, Iopamidol, Nihon Schering, Tokyo, Japan) via the arterial catheter. The contrast materials were infused twice, before and after the body temperature was increased from 37 to 39°C, by heating the body for 15 min using a hair-dryer. Body temperature was monitored using a thermometer (52 K/J Thermometer, Fluke, USA) inserted 6 cm into the rectum. The second angiography was performed 20 min after the first angiography. After completion of the angiographies, histological analysis (hematoxylin and eosin staining) of the tail was performed. The results of the second angiography were independent of the first. This was confirmed by preliminary experiments which indicated that the diameter change of the medial caudal artery was negligible 15 min after the contrast material injection (from 317Ϯ64 to 331Ϯ70 m at 37°C, nϭ5, pϭ0.739; from 956Ϯ203 to 899Ϯ124 m at 39°C, nϭ5, pϭ0.553).
All data obtained in the present study are expressed as meansϮSD. We applied a paired t-test for comparison of the mean values. Differences were considered significant at pϽ0.05.
RESULTS
The representative synchrotron radiation microangiographic images before and after the increase in body temperature are shown in Fig. 2 . The large dumbbelllike structures in the center represent caudal verte-brae. The medial caudal artery (large arrows), the lateral caudal arteries (small arrows), and segmental anastomosing vessels (arrowheads) were visualized before heating. After heating, the medial caudal artery was markedly dilated (320Ϯ53 to 853Ϯ243 m in diameter, pϽ0.001), while no significant change was observed in the lateral caudal arteries (139Ϯ42 to 167Ϯ73 m, pϭ0.19, Table 1 ). The smallest visible artery was approximately 50 m in diameter as judged from a reference copper wire with a diameter of 130 m (double arrows).
The digital subtraction image processing allowed us to visualize the medial caudal artery, the lateral caudal arteries, and segmental anastomosing vessels more clearly even before heating (Fig. 3A) . After heating, small string-like arteries with a diameter of approximately 60 m were visualized beside the lateral caudal arteries and segmental anastomosing vessels ( Fig.  3B -H, Table 1 ). These small arteries are considered to be the superficial caudal arteries based on the anatomical arrangement of rat tail arteries shown in a cross-Inhomogeneous Dilation in Rat Tail Artery Fig. 4 ). Note that these arteries were not visualized before heating (Fig.  3A) . Sequential images after heating shown in Fig.  3B -H demonstrate that the direction of the blood flow in the medial caudal artery was from the base to the tip of the tail after heating (large arrows in Fig. 3 ). It was consistent with the direction of flow before heating (data not shown). On the other hand, in the lateral caudal artery, which was supplied by segmental anastomosing vessels arising from the medial caudal artery, the direction of the flow was not always from the base to the tip (small arrows in Fig. 3) . Similar results were observed in the superficial caudal arteries, in which the flow was bidirectional (Fig. 3B-H) . Arte-riovenous anastomose-like stainings were not seen in these frames because venous images appear after the arterial images have faded completely (data not shown).
DISCUSSION
Since monochromatic synchrotron radiation enhances sensitivity for the iodine-contrast material and the high-definition video camera has high sensitivity and high resolution [10, 11] , we were able to use these systems to perform microangiographies and visualize arteries as small as 50 m in diameter in the rat tail, which has not been demonstrated in vivo.
Synchrotron radiation microangiography demon-Japanese Journal of Physiology Vol. 52, No. 5, 2002
E. KUWABARA et al. strated that the rat tail possessed a dual set of arteries;
It was shown that the medial caudal artery had high vasodilatory responsiveness to heat, but the vasodilatory response of the lateral caudal arteries and segmental anastomosing vessels was small. Furthermore, the superficial caudal arteries, which may remain closed or were very small before heating, showed marked vasodilatation after heating. It is no surprise that arteries in the superficial region of the tail, such as the superficial caudal arteries, showed high sensitivity to the heat since their function is to perform heat-loss through the tail. The lateral caudal arteries did not respond to the heat, and therefore, their function presumably is not one of heat-loss but of feeding nutrients to the peripheral tissue. As such, they do not give significant flow to the superficial caudal arteries. Inhomogeneous dilation of tail vessels has been reported in rats in response to neuropeptide Y [7] . The administration of neuropeptide Y increased total tail blood flow but decreased superficial cutaneous flow in the tail. We previously reported that heat stress did not cause vasodilation in the skin (i.e., superficial inferior epigastric artery) in a rat evaluated by synchrotron radiation angiography [9] . Presumably, the abdominal subcutaneous vessel under the fur does not play an important role in thermoregulation in the rat. Similarly, the medial caudal artery is located in a relatively deep region in the tail and should not play a direct role in heat loss. The underlying mechanism for its marked dilation is a secondary effect of an increased flow to feed dilated superficial caudal arteries since the superficial caudal arteries are primarily fed by the medial caudal artery. Whether or not the medial caudal artery independently responds to heat is unclear.
Arteriovenous anastomoses are abundant in rat tail skin and play an important role in thermoregulation during heat stress [19] . Their diameters were shown to be relatively large since a large fraction of microspheres with a diameter of 15 m injected to the medial caudal artery passed arteriovenous anastomoses [7] . However, we assume that the small arteries in Fig.  3 were not arteriovenous anastomoses but rather were superficial caudal arteries because all arteries were parallel and veins were stained at later stages. Unfortunately, the recording period of the present digital system was too short to demonstrate the venous phase.
Sequential images are advantageous for evaluating the direction of blood flow as shown in Fig. 3 , and we were able to demonstrate bidirectional flow in the lateral caudal arteries and superficial caudal arteries. 
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